Massive stars play a significant role in the chemical and dynamical evolution of galaxies. However, much of their variability, particularly during their evolved supergiant stage, is poorly understood. To understand the variability of evolved massive stars in more detail, we present a study of the O9.2Ib supergiant ζ Ori Aa, the only currently confirmed supergiant to host a magnetic field. We have obtained two-color space-based BRIght Target Explorer photometry (BRITE) for ζ Ori Aa during two observing campaigns, as well as simultaneous ground-based, high-resolution optical CHIRON spectroscopy. We perform a detailed frequency analysis to detect and characterize the star's periodic variability. We detect two significant, independent frequencies, their higher harmonics, and combination frequencies: the stellar rotation period P rot = 6.82 ± 0.18 d, most likely related to the presence of the stable magnetic poles, and a variation with a period of 10.0±0.3 d attributed to circumstellar environment, also detected in the Hα and several He I lines, yet absent in the purely photospheric lines. We confirm the variability with P rot /4, likely caused by surface inhomogeneities, being the possible photospheric drivers of the discrete absorption components. No stellar pulsations were detected in the data. The level of circumstellar activity clearly differs between the two BRITE observing campaigns. We demonstrate that ζ Ori Aa is a highly variable star with both periodic and non-periodic variations, as well as episodic events. The rotation period we determined agrees well with the spectropolarimetric value from the literature. The changing activity level observed with BRITE could explain why the rotational modulation of the magnetic measurements was not clearly detected at all epochs.
Introduction
Massive stars (M init > 8M ) are the chemical factories of the Universe, as they contribute significantly to its chemical enrichBased on data collected by the BRITE Constellation satellite mission, designed, built, launched, operated and supported by the Austrian Research Promotion Agency (FFG), the University of Vienna, the Technical University of Graz, the Canadian Space Agency (CSA), the University of Toronto Institute for Aerospace Studies (UTIAS), the Foundation for Polish Science & Technology (FNiTP MNiSW) , and National Science Centre (NCN).
Based on CHIRON spectra collected under CNTAC proposal CN2015A-122. ment (e.g., Maeder 2009 ). Thanks to their high mass, they reach the necessary conditions to undergo all stages of nuclear burning. Moreover, their lifetimes are much shorter than those of their less massive counterparts, characterized by various epochs of considerable mass loss, after which the stars come to an abrupt and explosive ending. Massive stars (below 50 M , Martins & Palacios 2017) evolve to the supergiant stage when core hydrogen burning has ended. Such stars have variability of various origins, often related to or caused by different physical effects, which we discuss below.
Massive supergiants undergo strong mass loss through line driven winds (Kudritzki & Puls 2000) . The properties of the wind and the associated mass loss were studied for many mas- A&A proofs: manuscript no. Buysschaert_ZetOriBRITE sive supergiant stars by investigating the P Cygni profiles of the Si iv and N v lines observed by the International Ultraviolet Explorer (IUE; e.g., Prinja et al. 2002) . These observations indicated the presence of time-variable absorption structures, known as discrete absorption components (DACs), inferred to exist for most massive OB stars (e.g., Howarth & Prinja 1989; Kaper et al. 1996) . Such structures start as broad low-velocity components close to the stellar surface and evolve to narrow highvelocity components. The recurrence timescale and the acceleration timescale of these structures both correlate with the rotation velocity of the star, yet the strength between consecutive rotation cycles varies, as does their coherence on longer timescales. Such variations are defined to be cyclic rather than periodic, since the amplitude of the variations differs on a timescale of several stellar rotations. Mullan (1984 Mullan ( , 1986 proposed that corotating interaction regions (CIRs), i.e., spiral-shaped wind structures in corotation with the star, lay at the origin of DACs. Theoretical work by Cranmer & Owocki (1996) showed that localized perturbations at the stellar surface, such as bright spots, produce CIRs in the star's circumstellar environment, and that slowly propagating discontinuous velocity plateaus in the wind located ahead of the compressed CIR arms cause the DACs, instead of the CIRs themselves. Recent high-precision photometric monitoring of the mid-O-type giant ξ Per by the Microvariability and Oscillations of STars (MOST) microsatellite shows evidence of signatures of corotating bright spots at the surface of the star, with a potential link to its DAC behavior (Ramiaramanantsoa et al. 2014) . Still, the origin of the surface inhomogeneities remains uncertain; magnetic fields (e.g., Henrichs et al. 1994 ) and nonradial pulsations (e.g., Willson 1986; Castor 1986 ) have been proposed as scenarios.
Large-scale magnetic fields continue to be the preferred pathway to produce local surface anisotropies, since they can cause chemical stratification or lower the optical depth, due to magnetic pressure at the magnetic poles, commonly leading to surface brightness spots. Moreover, they also naturally explain differences in the wind velocity, aiding the formation of CIRs. However, a recent study by David-Uraz et al. (2014) detected no large-scale magnetic fields for a sample of mainly OB supergiants having a well-studied DAC behavior. Their derived upper limits on non-detected polar fields was typically larger than 50 G. These limits are larger than the typical field strengths expected under the assumption of magnetic flux conservation for the increased stellar radius during the supergiant phase (Bagnulo et al. 2006; Landstreet et al. 2007 Landstreet et al. , 2008 Fossati et al. 2016) , which only reaches up to a few tens of gauss. Additionally, the determined upper limits on the strength of the magnetic dipole do not reach the critical strength needed to significantly perturb the wind.
A different approach has been proposed by Cantiello & Braithwaite (2011) , in which small-scale magnetic fields caused by a near-surface convective layer produce hot, bright spots. Theoretical calculations indicate that the strength of such smallscale magnetic fields ranges between 5 G and 50 G and would lead to a very complex circular polarization signature. While these magnetic fields could in principle generate the surface spots needed to explain the almost ubiquitous presence of DACs, none have so far been detected for massive OB stars during large surveys (e.g., the MiMeS survey; Wade et al. 2016 ) and ultradeep searches (e.g., Neiner et al. 2014; Wade et al. 2014 , which reach a sub-gauss precision).
Some hot supergiants also exhibit stellar pulsations. These prove to be crucial ingredients to unraveling the internal properties of such objects, since pulsations are directly related to internal stellar conditions. Different types of pulsations are theoretically expected, yet only scarcely detected in massive evolved stars (see Aerts et al. 2010 , for a monograph on asteroseismology).
Slowly pulsating B-star (SPB) oscillations are expected to occur in OB supergiants. Such pulsations are driven by the κ-mechanism acting on the iron opacity bump at T ∼ 2 × 10 5 K. However, an intermediate convective layer just above the hydrogen burning shell is needed to prevent the gravity modes from propagating into the core (Gautschy 2009; Godart et al. 2009 ). These SPB supergiants have low-degree, high-order gravity pulsation modes, with a period of several days (e.g., Saio et al. 2006; Lefever et al. 2007) .
Oscillatory convection (non-adiabatic g − ) modes have been theoretically predicted to occur at the stellar surface of massive supergiants, with periods ranging from about 1.5 days to hundreds of days (Saio 2011) . Low-degree oscillatory convection modes are driven at the convective envelope associated with the iron-group opacity peak, but only become overstable if nonadiabatic effects are included (Shibahashi & Osaki 1981) . These modes are believed to cause some of the variability seen in massive supergiants, e.g., ζ Pup (O4I(n)fp; Howarth & Stevens 2014) . On the other hand, the discovered single 1.78 d periodicity in this star has also been interpreted as caused by rotating photospheric bright spots instead of stellar pulsations (Ramiaramanantsoa et al., in prep.) . Moravveji et al. (2012) invoked gravity modes driven by fluctuations in the energy generation rate (i.e., themechanism; Unno et al. 1989) to describe the longest variability periods determined for Rigel (B8Ia). This mechanism occurs when the heat exchange reaches a maximum. For massive supergiants, such as Rigel, these fluctuations take place in the hydrogen burning shell partly located in the radiative zone, just below the intermediate convection layer.
Finally, strange-mode pulsations are theoretically expected for the most luminous massive supergiants (Saio et al. 1998; Saio 2009; Glatzel 2009; Godart et al. 2011) . They are produced by the opacity mechanism on Fe and He ii ionization stages (Saio 2011) . However, none have yet been firmly detected.
Different types of stellar pulsations are thus theoretically expected, and on many occasions observed. However, no firm link between these stellar pulsations and the origin of DACs has currently been noted. As such, neither of the proposed photospheric driving mechanisms is clearly supported or disproved. Therefore, it is possible that various processes produce surface brightness spots leading to DACs, for example non-radial pulsations (NRPs) or large-scale magnetic fields.
Variability on a short timescale, on the order of several minutes, has been noted for some supergiants (e.g., Hubrig et al. 2014; Kholtygin et al. 2017) . The exact mechanism, however, remains uncertain, but it might be related to a stochastic process.
In this work, we study ζ Ori Aa, the only confirmed magnetic O-type supergiant to date. The star has previously shown complex behavior and variability, making it a very interesting object. We collected two-color space-based BRIght Target Explorer (BRITE) photometry as well as simultaneous groundbased high-resolution optical CHIRON spectroscopy, to study both the photometric and spectroscopic periodic variability of ζ Ori Aa by means of a detailed frequency analysis. The frequency domain 0 -10 d −1 is investigated since the signal of any periodic or cyclic magnetic, wind, circumstellar or stellar variability is expected in this frequency domain. B. Buysschaert: Study of ζ Orionis Aa Table 1 . Stellar parameters for the three main components of ζ Ori, determined by Hummel et al. (2013) We first introduce ζ Ori Aa and the current understanding of the object in Sect. 2. Next, we describe the photometric observations and present a detailed frequency analysis in Sect. 3. Section 4 contains the spectroscopic measurements and analysis. Our results are discussed in detail in Sect. 5. Finally, we draw conclusions on the variability of ζ Ori Aa and make remarks for future studies in Sect. 6.
ζ Orionis

Multiplicity of ζ Ori
ζ Ori (Alnitak, V = 1.79) is a wide visual binary system consisting of ζ Ori A (HR 1948) and ζ Ori B (HR 1949), currently separated by ∼ 2.4 . The changes in common proper motion listed in the Washington Double Star Catalog led to an orbital solution with a period longer than several hundred years (Mason et al. 2001; Turner et al. 2008) . Since the components have such a large separation, it is assumed that they have not had any significant influence on each other's evolution.
More recently, Hummel et al. (2000) employed optical interferometry and showed that ζ Ori A is itself a binary system, composed of the massive supergiant ζ Ori Aa and an additional hot companion ζ Ori Ab 40 mas away. The intensive spectroscopic and interferometric monitoring campaign permitted Hummel et al. (2013) to deduce the orbital solution of the Aa+Ab system, together with some of the physical properties of both components. The system is moderately eccentric, e = 0.338 ± 0.004, with an orbital period of 2687.3 ± 7.0 d (∼ 7.4 years). The long orbital period and eccentricity indicate a low probability of tidal interaction between the two components. However, such interaction cannot be fully excluded, because of the large radius of ζ Ori Aa and the presence of a third component (ζ Ori B), which could hamper circularization of the system (Correia et al. 2012) .
Finally, a much fainter fourth component, ζ Ori C, is located about 57 away from ζ Ori Aa. Because of the large brightness difference (>7 mag) and its considerable separation, we ignore ζ Ori C for the remainder of this work. The physical parameters of the other three components are given in Table 1 . et al. (2008) detected the possible presence of a weak magnetic field for the primary ζ Ori A. Using the Narval spectropolarimeter (Aurière 2003) , the authors estimated the approximate rotation period of the star, and determined the geometrical configuration of the magnetic field. However, this study did not account for the component ζ Ori Ab, which at that time had not yet been explored (Hummel et al. 2013 ). More recently, Blazère et al. (2015) determined the rotation period and the magnetic configuration more precisely, by combining archival and new Narval spectropolarimetry, while accounting for the presence of ζ Ori Ab by performing spectral disentangling of the two components. This analysis led to a rotation period of 6.83 ± 0.08 d for ζ Ori Aa (Blazère, private communication) , and the confirmation of a dipolar magnetic field with a polar strength of about 140 G. This rotation period is clearly visible in the 2007-8 magnetic measurements, but less clear in the 2011-12 data, because the latter was affected by additional unexplained variability. No magnetic field was detected for the companion ζ Ori Ab, with an upper limit for the polar field strength of 300 G.
Magnetism
Bouret
Furthermore, the presence of a weak dynamical magnetosphere was considered by Bouret et al. (2008) and Blazère et al. (2015) , because of the locked Hα emission with the rotation period, an indication of magnetically confined circumstellar material. A compatible result was obtained by Morel et al. (2004) , although they observed a lower harmonic of the rotation period. The large uncertainty on the mass-loss rate and the terminal wind speed makes a qualitative calculation of the Alfvén radius, and thus the precise confinement of the magnetosphere, difficult (see Blazère et al. 2015) .
The studied X-ray observations of ζ Ori Aa are inconclusive, as different works favor (Waldron & Cassinelli 2001) or argue against (Cohen et al. 2014; Nazé et al. 2014 ) the influence of the magnetic field on the X-ray variability of ζ Ori Aa. Since ζ Ori Aa hosts a weak magnetic field during a turbulent evolutionary stage, it is indeed likely that the weak magnetosphere only very weakly contributes to the X-ray variability, and that the emission instead originates from wind shocks. This stellar wind may have violent epochs; significant X-ray flux increases have been observed for ζ Ori Aa (Berghofer & Schmitt 1994) , although such variability is not always reported (e.g., Nazé et al. 2014 ).
Discrete absorption components
Like most massive stars, ζ Ori A shows evidence of wind variability, manifested by DACs, in their UV resonance lines. Kaper et al. (1996 Kaper et al. ( , 1999 ) studied this variability, using 29 UV spectra taken by IUE over a time span of 5.1 days. The authors reported the presence of DACs for ζ Ori A, visible in both the Si iv λλ1393. 8, 1402.8 and N v λλ1238.8, 1242 .8 doublets with a recurrence timescale of t rec = 1.6 ± 0.2 d. Unlike most stars with identified DACs, the recurrence timescale for ζ Ori A is roughly one-quarter of the inferred rotation period instead of the more typical one-half period. Considering the bright spot paradigm as the possible photospheric origin of the CIRs (as in the canonical model of Cranmer & Owocki 1996) , this means that four surface spots would be needed to create the accompanying CIRs in ζ Ori Aa, instead of two. Moreover, Kaper et al. (1999) state that the DACs are relatively weak for a supergiant, indicating there might indeed be something fundamentally different in the physical process for ζ Ori A. Finally, the authors observed a strong peak at a period of ∼ 6 d in the Fourier analysis of their UV time series observations of ζ Ori A, but the interpretation of that periodicity was hampered by the fact that their observations only spanned 5.1 d. This ∼ 6 d period can probably be associated with the rotation period (6.83±0.08 d) determined from spectropolarimetry. Table 2 . Diagnostics related to the different BRITE observations of ζ Ori. For each setup, we provide information related to the cadence, the start time and length of the observations, the rms flux stability within an orbit passage before and after correction, the median duty cycle per satellite orbit, and the duty cycle of orbit passages where data were successfully taken. The duty cycles are determined for the corrected lightcurves. . a: After processing, there is a significant timelength reduction due to strong outliers. The timelength mentioned here is that of the corrected photometry. b: These observations were discarded because of i) the strong irregular temperature variability, and ii) the mismatch between the aperture and the CCD sub-raster. c: These observations were not used, due to the presence of strong chargetransfer-inefficiency (CTI) effects. N/A: Not applicable, since the value was not calculated. Fig. 1 . All available BRITE photometry for ζ Ori, fully detrended and corrected for instrumental effects for the Orion I (top) and Orion II (bottom) observing campaigns. The color represents which nano-satellite of the BRITE-Constellation monitored ζ Ori: magenta for UBr, cyan for BAb, green for BTr, red for BHr, and blue for BLb. The flux variations are given in parts per thousand (ppt). Observations taken by a red nano-satellite (UBr, BTr, BHr) have an offset of 50 ppt for increased visibility.
BRITE photometry
The BRITE-Constellation, an international collaboration between Austria, Canada, and Poland, currently comprises five fully functional and operational nano-satellites. These BRITE nano-satellites aim to monitor stars brighter than V ≈ 5 mag using two colors, over various observing campaigns. These satellites each host a 3 cm telescope, providing a wide field of view (24 • × 20 • ) to simultaneously observe up to a few dozen stars (Weiss et al. 2014) . Three nano-satellites perform their respective observations through a red photometric filter (550 -700 nm; UniBRITE (UBr), BRITE Toronto (BTr), and BRITE Heweliusz (BHr)), while two employ a blue filter (390 -460 nm; BRITE Austria (BAb), and BRITE Lem (BLb)). The various BRITE spacecraft have a low-Earth orbit, with orbital periods of about 100 min (∼0.07 d). Therefore, they cannot continuously monitor targets, and instead, only observe them for a portion of the satellite orbit. The usable fraction of the orbit can be as large as 30 %, depending on the observing conditions, the satellite, and the studied field, before the telescope has to be pointed away (Pablo et al. 2016 ).
Below, we present the BRITE observations acquired at two epochs, summarize the data reduction process, and describe the results.
Observations
ζ Ori was first observed by the two Austrian BRITE nanosatellites (BAb and UBr) as part of the commissioning field of the mission. This commissioning field is now known as the Orion I field. In total, the observations lasted ∼130 d, starting in early December 2013 and ending in mid March 2014: both BRITE nano-satellites studied the field with a high observing cadence whenever the satellites orbital phase permitted. The second visit by the BRITE-Constellation to ζ Ori occurred from late September 2014 until mid March 2015, lasting ∼170 d in total. During this Orion II observing campaign, approximately the first 40 % of the observations were taken by BAb and BTr, and then the two Polish BRITE nano-satellites, BLb and BHr, took over. For some satellites, tests were performed to investigate whether onboard stackings of multiple, consecutive CCD images improved the data quality (Pablo et al. 2016) . This led to various observing cadences being adopted throughout the Orion II campaign, although each individual observation occurred with an exposure time of 1.0 s. Table 2 lists the various BRITE obser- Table 3 . Extracted frequencies describing the photometric variability of ζ Ori seen in the studied BRITE lightcurves. The first column of each dataset presents the extracted frequencies for the full dataset, while the second column is for the non-periodic-event excluded photometry (these events are marked in black in Fig. 2 ). Uncertainties on the frequencies were determined using the Rayleigh criterion, and are thus very conservative. All frequencies are given in cycles per day.
Combined
Orion 
0.12 0.12 0.13 0.13
0.068 0.07 0.07 0.08 0.06 0.07 0.06
0.276 0.27 0.27 0.27 0.26
Notes. Most of the extracted frequencies are understood to be produced by three frequencies: f rot , corresponding to the stellar rotation, f env , related to the circumstellar environment; and f x , a not-yet-understood frequency.
vations of ζ Ori, taken during the Orion I and Orion II campaigns. The individual components of ζ Ori are not separately monitored by the BRITE-Constellation, since the pixel size (27 ) is larger than the angular separation. Hence, the lightcurve contains all of its components, of which ζ Ori Aa is the brightest (see Table 1 ).
To limit telemetry usage, no full CCD images are downloaded from the spacecrafts. Smaller CCD sub-rasters, with a size of 32 × 32 pixels, are instead employed for each star. Once the observing campaign finishes, lightcurves are extracted from the CCD frames for all stars in the studied field, using circular apertures (Popowicz et al., in prep.) . The raw lightcurve files have been corrected for intrapixel sensitivity, and provide additional metadata such as CCD centroid positions and CCD temperature. We then start from these datafiles to correct for any remaining instrumental effects.
Data reduction summary
The extracted BRITE photometry reveals the presence of several instrumental effects. Therefore, we constructed a data processing package to remove spurious signals and correct any remaining trends with instrumental variables. This package is now publicly available on Github 1 , and is based on our own experience with space-based photometry and the BRITE Data Analysis Cookbook 2 (see also Pigulski et al. 2016 The first step of the reduction process consists of a conversion of the timing of the measurements to mid-exposure times. This permits a clearer connection between BRITE lightcurves with different onboard stackings. Next, we remove spurious signals, i.e., outliers, from both the metadata and the measured photometry, while accounting for their fluctuations with respect to time. The metadata provided with the BRITE data consists of the onboard CCD temperature, T CCD , and the CCD centroid positions x c and y c . Once the data preparation is completed, we correct the BRITE photometry for the time-and temperaturedependent point spread function (PSF) by means of iterative Bspline fitting between flux and centroid positions within discrete subsets of the data based upon the temperature variability. Finally, we account and correct for any significant correlation between the flux and T CCD , x c , y c , and φ s , the orbital phase of the satellite. For a more detailed description of the various decorrelation steps, we refer to Appendix A.
This data preparation and correction process was repeated for each data file provided. In addition to correcting for the instrumental signal, it also decreased the (instrumental) noise on the photometry, which we describe as the root mean square (RMS) of the flux, given as
Here, σ i and k i are the standard deviation of the flux and the number of observations within orbital passage i, respectively, B. Buysschaert: Study of ζ Orionis Aa and N is the total number of orbital passages for the given setup file.
Finally, duty cycles for the different BRITE datasets were calculated, two of which have the most diagnostic value. One is the median duty cycle per satellite orbit, D orb , which indicates the fraction of the satellite orbit spent taking observations. The other is D sat , which marks the portion of total satellite orbits used to successfully monitor the target.
The RMS values of the raw and the corrected photometry, as well as the duty cycles for the corrected lightcurves, are provided in Table 2 . The various corrected lightcurves are shown in Fig. 1 . However, even after correction, differences remain in the data quality for ζ Ori between the various BRITE nano-satellites (Pablo et al. 2016 ).
way, we studied the changes in both power and frequency of the periodic variability over time.
It became immediately apparent that the character of the variability of ζ Ori during the two BRITE observing campaigns is fairly different (see right panels of Fig. 2) . Therefore, we studied the data from each campaign independently. In addition, we only considered the observations with the highest data quality (i.e., lowest RMS flux variability; see Table 2 ) and the best duty cycle for the time series analysis. The considered Orion II data were further subdivided into two independent sets, because of the inconsistent number of onboard stacked images, which caused issues in the weighting of the frequency analysis, and because of differences in the observed variability. Thus, we investigated data for three different epochs, namely Orion I, Orion IIa, and Orion IIb. For each epoch, we have a red and a blue photometric dataset of almost equal length, which agree quite well once corrected for the instrumental effects. We show these six investigated lightcurves in Fig. 2 , with their corresponding LombScargle periodograms indicating their periodic variability.
Each individual BRITE lightcurve underwent separate iterative prewhitening to determine the significant periodic variability, using a Lomb-Scargle periodogram with an oversampling factor of 10 (Lomb 1976; Scargle 1982) . We calculated the significance of a frequency peak in the periodiogram using a signalto-noise ratio (S/N) criterion. We considered it significant when a S/N larger than four was reached (Breger et al. 1993) , within a frequency window of 4.0 d −1 . Such a large window was chosen because all detected variability is present in the low-frequency regime (< 2.0 d −1 ) of the periodogram; therefore, the full window is not effectively used for the S/N calculation. Finally, only the frequency domain below 10 d −1 was considered for investigation because the satellite orbital frequency produces a forest of very strong alias peaks every 14.3 -14.8 d −1 ; the exact value depends on which the nano-satellite is used.
The extracted frequencies from the various lightcurves were examined via a pairwise comparison between the two colors of the same epoch, and also over the three observing epochs. When we did not retrieve the same frequency in at least two datasets, within the confidence interval, that frequency was discarded for the model lightcurve. We list the final set of extracted frequencies for each of the six datasets in Table 3 . Because of the moderate duty cycle and because of the presence of gaps within the BRITE observations, we used the Rayleigh criterion for the confidence interval of the extracted frequencies. The conservative uncertainty for a frequency is thus δ f = 1/T , where T is the total time span of the data.
While investigating the individual BRITE lightcurves, the phase-folded photometry with the dominant periodicities, and the residual lightcurves of the detailed frequency analysis, we identified peculiar time regions in the lightcurves. These regions stand out through their pronounced deviations to the iterative prewhitening model, as the observed brightness differs substantially from the model for the periodic variations. As such, we assumed that these time regions are influenced more strongly by non-periodic or non-cyclic variability than the remainder of the BRITE photometry. To define these time regions more accurately, we used an iterative approach to study the simultaneous blue and red residual lightcurves to the iterative prewhitening model. These new lightcurves were then subjected to a new detailed frequency analysis. We continued to exclude observations until no obvious deviations from the periodic variability model were noted. The final rejected time domains are marked in black in Fig. 2 . An independent frequency analysis was then performed on these alternative lightcurves, for which we provide the deduced periodic variability in Table 3 . The particular regions of more pronounced non-periodic variability are further discussed in Sect. 5.3.
In total, we extracted 16 different frequencies in the frequency domain 0 -1 d −1 (see Table 3 ). The majority of these 16 frequencies are understood to originate from three independent frequencies, which construct through harmonics and simple frequency combinations most of the extracted periodic variability. The three independent frequencies are f rot = 0.15 ± 0.02 d −1 , f env = 0.10 ± 0.02 d −1 , and f x = 0.04 ± 0.02 d −1 . We append this reasoning for each frequency in Table 3 . All of these fundamental frequencies, and some particular ones, are discussed in more detail in Sects. 4 and 5.
The variations with the largest detected amplitudes correspond to 2 f rot and f env (see Table B .1), and are clearly distinguishable in the right panel of Fig. 2 . Differences in amplitudes are noted between the various epochs. In particular 4 f rot , which is related to (the photospheric origin of the) DACs, is stronger in the red data. However, differences are likely related to the non-periodic variability, since amplitudes are altered when the regions strongly affected by the non-periodic variability are excluded (marked in black in Fig. 2) . Moreover, owing to the considerable amount of corrections applied, we expect our formal uncertainty on the determined amplitude to be strongly underestimated. In addition, different responses between the various nano-satellites could occur. Hence, we refrain and warn against overinterpreting the possible differences in amplitude between the simultaneous red and blue photometry.
For each individual BRITE lightcurve we also investigated the STFT. To be able to study the low-frequency regime of these periodograms, a sufficient frequency resolution needed to be achieved. Hence, the chosen time window spanned 20 days, corresponding to a frequency resolution of 0.05 d −1 . The stepsize was set to be 4 d, because if it were too small it would smear out variability over time, while if too large it would hamper the interpretation of the observed variations. If the D sat duty cycle of the data within the time window did not reach 50 %, no periodogram was determined for that step. The calculated periodograms were Lomb-Scargle periodograms with an oversampling factor of 10. We show the final STFTs in Fig. 3 , organized per observing epoch, including the regions marked in black in Fig. 2 .
While the constraint on the duty cycle, D sat , inhibits the determination of a Lomb-Scargle periodogram at each step, the STFT analysis is still able to confirm the differences between each studied epoch of BRITE photometry. These differences are compatible with the results from the iterative prewhitening approach. Moreover, within each epoch, the amplitude of prominent frequencies varies with respect to time, and often increases whenever regions with strong non-periodic variability occurred (marked in black in Fig. 2) , indicating the presence of nonperiodic photometric variability for ζ Ori. Typically, the most pronounced variability of the iterative prewhitening analysis can be linked to certain regions of the dataset, with 2 f rot the general exception, as indicated by the STFTs (see Fig. 3 ). Minor shifts in frequency for certain variability can be noted with respect to time, yet still fall within the determined frequency resolution dictated by the adopted time window of the STFT (0.05 d −1 ). Once all periodic variability corresponding to the significant frequencies was extracted from the BRITE photometry of ζ Ori using the iterative prewhitening approach, we again calculated the residuals to this model. Although the periodogram of these residuals did not indicate any remaining significant periodic variability, the residual flux did still contain visible variability (see Fig. 4 . Left: Residual BRITE photometry of ζ Ori during three distinct epochs after all significant periodic variability was removed through iterative prewhitening. The same color-coding as in Fig. 2 has been applied. Right: Corresponding Lomb-Scargle periodograms of the residual lightcurves, represented with the same scale as in Fig. 2 . The flux residuals contain some remaining variability, which is not significant in the Lomb-Scargle periodogram. Fig. 4) . When comparing the residuals of each lightcurve to the version of the same lightcurve with the earlier discarded regions, we noted that more variability remains within the discarded regions in the residuals of the original lightcurve. This, again, confirmed the need for the separate analysis, where the strongest non-periodic (and non-cyclic) variability was excluded.
Time series analysis of combined BRITE photometry
Aiming to increase the frequency resolution and decrease the noise level, we merged various BRITE observations to one longbaseline lightcurve. This was only possible with the increased comprehension of the individual BRITE photometry for ζ Ori. Studying the duty cycles and data quality of the respective BRITE lightcurves, we opted to include all red and blue data from all three epochs, i.e., Orion I, Orion IIa, and Orion IIb, as well as the BRITE Toronto-1 data (see Table 2 ). As a first step, we averaged and rebinned the observations to one single measurement per satellite orbit passage, permitting an easier connection between datasets with a different number of onboard stackings. Next, we merged all these rebinned data, ignoring the color information from the observations. Although minor differences between the two colors are present, as we show later, the individually studied lightcurves agree rather well. Moreover, we increased the duty cycle of the full lightcurve significantly by combining the simultaneous lightcurves, since minor differences for the orbital period of the BRITE nano-satellites lead to observations being taken at different times. This new, combined lightcurve spans 493.7 days, over both the Orion I and Orion II BRITE observing campaigns, with a 191.2 day time gap between the two parts.
Similar to the study of the individual BRITE datasets, we performed a times series analysis to study the photometric variability of ζ Ori, using an iterative prewhitening approach on a Lomb-Scargle periodogram with an oversampling factor of 10. Again, we employed the S/N criterion to determine the significance of a given frequency, using a frequency window of 2 d −1 , and only investigated the frequency domain below 10 d −1 . We show this periodogram in Fig. 5 ; we also show a CLEAN periodogram (Roberts et al. 1987) , because the large time gap in the dataset influences the spectral window of the periodogram considerably. In total, we determined and extracted 12 significant frequencies, which are given in Table 3 . Because of the large time gap present in the combined photometry, the Rayleigh criterion might be a too optimistic value for the frequency uncertainty. Therefore, we only used the time span when BRITE observations for ζ Ori Aa were actually taken (about 300 days). This leads to an altered frequency resolution of δ f = 1/T obs = 0.003 d −1 . Several of the 12 retrieved frequencies agree with values we determined from the individual data, albeit determined with a higher precision. However, some of the previously determined frequencies were not recovered, e.g., 0.60 d −1 and 0.68 d −1 , since they appear to be much more prominent in the red data of Orion IIb, and fairly weak in the Orion I photometry. Thus, these became less significant when we combined the red and blue BRITE photometry of the various epochs. (Tokovinin et al. 2013 ). This fiber-fed spectrograph was used in slicer mode, yielding an effective resolving power of R ∼ 80000, and covers the region from 459 to 760 nm. All spectra were corrected for bias and flat-field effects and wavelength calibrated through the CHIRON pipeline. Each visit consisted of two consecutive spectra with an individual exposure time of 8 seconds. These extracted spectra were combined into a single spectrum, resulting in individual visits having a S/N per resolving element of at least 75 in the continuum near Hα. The spectra were blaze-corrected and normalized to a unit continuum. Several telluric features are present in the Hα region. To remove these lines, we used a telluric template spectrum convolved to the instrumental response in the region surrounding Hα, as measured from the FWHM of isolated H 2 O lines. The depth of the tem- plate lines was adjusted interactively until the residual spectrum was smooth. A log of the different spectroscopic observations is given in Table B .3.
The fiber going to CHIRON has a diameter of 2.7" on the sky, which is sufficiently small to exclude ζ Ori B, which is currently ∼ 2.4" away. Therefore, the CHIRON data only contain spectral features of ζ Ori Aa and ζ Ori Ab, albeit with different contributions. The short time span and especially the quality of the CHIRON data leads to a very uncertain spectral disentangling. Including archival spectroscopy to cover the full (inner) orbit would most likely only add to that uncertainty because of differences in the optical design of the instruments. In the remainder of this paper, we consider that any spectral variability in the studied frequency regime originates from the magnetic supergiant ζ Ori Aa, first because the short time span of the CH-IRON data does not contain significant radial velocity variations from the binary motions, and because ζ Ori Ab is fainter, leading to a respective contribution of at most 10 % (as noted from earlier spectral disentangling attempts by Blazère et al. 2015) , so that any mild spectral variability in ζ Ori Ab will have an effect comparable to the noise level.
In the following, we discriminated between the different spectral lines of ζ Ori Aa on their (partial) origin. First, we present the study and results for lines containing a contribution from the circumstellar environment or the stellar wind (Sect. 4.2) and thenn we do the likewise for purely photospheric lines (Sect. 4.3).
Analysis of the Hα spectra and He i lines
We limited the investigation of the spectral lines with a circumstellar contribution to Hα, which is the Balmer line most influenced by the circumstellar environment, and two of the strongest He i lines, i.e., He i λλ6678.2 and He i λλ4921.9.
In Fig. 6 , we show the dynamical representation of the Hα and He i λλ6678.2 lines and compare them to the simultaneous BRITE photometry of the Orion IIb epoch. As expected for a massive star, these lines vary with time, and the variation is most pronounced for the P Cygni profile of Hα. To study the periodic component of this variability, we measured the net equivalent width (EW) of the lines. For Hα we integrated over both the absorption and emission features. The integration limits for the measurements spanned from v = −1000 to 1000 km s −1 for Hα, and was typically from v = −500 to 500 km s −1 for the He i lines, with v being the radial velocity. Next, we calculated and investigated the periodograms of the EWs to determine the most dominant periodic behavior. Since the data were taken from Earth and have limited coverage, they have an unfavorable spectral window. Therefore, we resorted to CLEAN periodograms, since these limit the influence by the spectral window, using ten iterations, a gain of 0.5, and ten times oversampling. Only a limited frequency regime from 0 to 0.5 d −1 was investigated, because of the presence of very strong 1 d −1 aliasing effects and a strong reflection effects. These normalized periodograms of the EW are shown in the top panel of Fig. 7 .
The data did not permit a detailed frequency extraction and analysis. Instead, we compared the periodogram with that of the BRITE photometry to determine which known frequencies are needed to explain the variability of the spectral lines. For all lines, we retrieved prominent variability at 0.09−0.11±0.03 d −1 , corresponding to f env . In addition, the EWs of the He i lines also exhibit fluctuations interpreted as the rotation at f rot , while we only marginally retrieve this variability for Hα. Different combinations between independent frequencies are again observed, similar to the BRITE photometry. We refrain from further interpreting the power below 0.05 d −1 in Fig. 7 , because additional testing showed that only these amplitudes are severely altered by the upper frequency limit of the CLEAN routine. 
Analysis of photospheric lines
Following Bouret et al. (2008) and Martins et al. (2015) , we selected O iii λλ5592.3 and C iv λλ5801.3 as photospheric absorption lines for further investigation, because they are not influenced (or only weakly) by the stellar winds and the circumstellar environment. The same method as in Sect. 4.2 was used to study the periodic variations of the EW of these lines, which was typically determined in the velocity region spanning v = −400 to 400 km s −1 . We show the normalized determined CLEAN periodograms for these lines in the bottom panel of Fig. 7 .
The most striking result for the periodograms of the purely photospheric lines is the strong difference with their corresponding periodograms of the Hα and He i lines. Indeed, the frequency region around f env appears to be absent of any significant power for the purely photospheric lines. Instead, the strongest power is present below 0.05 d −1 and in the 0.32 − 0.38 d −1 region, which should be treated with care, similar to the periodograms for the lines with a circumstellar contribution. Some power around f rot is also present for the C iv line.
Discussion
According to the V magnitudes determined by Hummel et al. (2013) for all three components, and their similar temperature of about 29000 K, we deduce that 77 % of the received flux originates from ζ Ori Aa, 10 % from ζ Ori Ab, and 13 % from ζ Ori B. These values are compatible with the contribution of ζ Ori Ab to the Narval data, as determined from the spectral disentangling by Blazère et al. (2015) . Therefore, throughout the discussion of the extracted frequencies from the BRITE photometry, we expect that all detected variability is caused by the magnetic supergiant ζ Ori Aa and its circumstellar environment. In the same way, variations observed in the CHIRON spectroscopy are likely related to ζ Ori Aa (see Sect. 4.1). Moreover, the possible high-degree β Cep pulsations of the B component (Hummel et al. 2013) would fall in a different frequency regime (> 2 d −1 ) than that of the currently determined periodic variability. In addition, high-degree pulsation modes are not often visible in photometry due to partial cancellation effects. Yet, it cannot be fully excluded that strong variability in ζ Ori Ab or ζ Ori B could produce weak frequency peaks in the data presented here.
Rotation
In each and every studied BRITE lightcurve, we determined variability related to half the literature rotation period, corresponding to a frequency of 0.30 ± 0.02 d −1 (see Table 3 ). However, the amplitude corresponding to this variation differs from one epoch to the next, most likely due to non-periodic photometric events happening in the lightcurve altering the determined amplitudes of the periodic variability. Excluding the regions of the lightcurve where the non-periodic signals occur the strongest has no considerable effect on the extraction of this frequency: we still recover it for four out of six lightcurves. The only exception is the blue Orion II data. Using the combined BRITE photometry, we retrieve a similar frequency, 0.292 ± 0.003 d −1 . The presence of photometric variability with exactly half the rotation period is often observed for hot or massive magnetic stars (e.g., σ Ori E; Oksala et al. 2015) , and is related to the dipolar structure of the large-scale magnetic field, coming into and leaving the observer's line of sight. Indeed, the conditions at the magnetic poles are fairly different from the rest of the star, both at the stellar surface and in its very close circumstellar proximity. It was not possible to accurately verify the phase difference between the rotational modulation of the BRITE photometry of ζ Ori Aa and the longitudinal field measurements of Blazère et al. (2015) because of the substantial errorbar on the derived rotation period. Nevertheless, since our derived rotational frequency and the published frequency from the magnetic analysis are compatible, we consider it likely that the variability is related to the poles of the dipolar, fossil magnetic field of ζ Ori Aa, as seen in many other magnetic massive stars.
In addition to the frequency corresponding to half of the rotation period, we also extracted f rot , 3 f rot , or 4 f rot for some of the BRITE lightcurves. Of these, the anomalous variability is related to 3 f rot , as it would indicate the presence of three surface spots. Such a geometrical magnetic configuration is considered highly unlikely. Yet, a strong bias to favor a small number of (equidistant) spots exists: the effect of more than a few individual spots on the stellar surface of ζ Ori Aa on the lightcurve would be merged, effectively masking their presence and mimicking the variability of only a few spots. However, detailed spot modeling is currently beyond the scope of this work, since it requires a higher precision of P rot that is not achievable with the current dataset. We discuss the fourth harmonic in more detail in Sect. 5.2, as it is likely related to DACs.
Combining measurements of the frequencies believed to be f rot and its higher harmonics from the individual BRITE photometry to increase the precision, we obtain P rot = 6.65 ± 0.28 d. Doing this for the combined BRITE photometry, yields P rot = 6.82 ± 0.19 d. These values are consistent within the error bars with the rotation period of Blazère et al. (2015, i.e., 6.83±0.08 d) . A more precise measurement will be difficult without a detailed understanding of the variability of the supergiant ζ Ori Aa, in particular, of its circumstellar environment.
Because of the limited temporal resolution of the spectroscopic dataset, we could not perform a detailed frequency analysis of the spectroscopic variability to accurately determine the rotation period from spectroscopy.
DACs
Most of the studied BRITE photometry indicates that ζ Ori Aa is variable with P rot /4. This periodicity coincides with the DAC recurrence timescale derived by Kaper et al. (1999) for ζ Ori Aa. Indeed, our derived value of t rec = 1.67 ± 0.06 d agrees with the literature value of 1.6 ± 0.2 d (i.e., f rec = 0.625 ± 0.075 d −1 ). During our analysis, both the STFT and the iterative prewhitening of the individual BRITE lightcurves indicated that the amplitude of this frequency varies with time (e.g., Table B .1 and Fig. 3 ). Under the assumption that DACs are related to surface inhomogeneities, the description of four (transient) enhanced brightness regions evenly distributed in longitude over the stellar surface is the most likely. However, with the current knowledge of this object, we were unable to corroborate or disprove the exact mechanism that creates the hypothetical enhanced brightness regions leading to the CIRs. Higher quality observations, having a high duty cycle and long baseline, are needed to explore the origin of these inhomogeneities and study their stability over time.
Variability with a similar timescale seems to be present in the studied spectroscopic lines. Yet, the limited cadence and poor spectral window, mainly related to reflection effects over 1 d −1 , did not permit us to exclude a purely instrumental origin.
Finally, red Orion IIb data show evidence of photometric brightness variations with a frequency of 0.68 ± 0.02 d −1 . We consider this power to be related to the four surface spots, yet slightly distorted to a higher frequency because of a frequency combination with f env . This timescale also matches, within the uncertainty, the Hipparcos periodicity of 1.407 d discussed by Morel et al. (2004) .
Circumstellar environment
Comparing the variability of the CHIRON spectroscopy with that of the BRITE photometry results in a particular agreement and discrepancy. Both the BRITE photometry and spectroscopic lines with a circumstellar contribution (i.e., Hα and He i lines) show variability with f env = 0.100 ± 0.003 d −1 , while it is strikingly absent in the photospheric lines. Therefore, we conclude that the BRITE photometry contains a contribution from the circumstellar environment of ζ Ori Aa, and that this environment is periodically (or possibly cyclically) variable with f env , and additionally indicates non-periodic variability. Studying the individual BRITE lightcurves without these strong non-periodic events, we no longer recover this frequency for the Orion IIa and Orion IIb data. We therefore consider these parts of the BRITE photometry to be dominated by non-periodic variability originat-ing at the circumstellar environment. Figure 6 indeed shows that these regions of the lightcurve are correlated with strong changes in shape and power of the P Cygni profile of the Hα line, which probes the variability within the circumstellar environment.
We deem it therefore probable that the circumstellar environment causes the observed differences in variability between the three BRITE epochs, either by decreasing the detected flux by obscuring parts of the stellar surface or temporarily increasing the brightness. An example of the effect of such an increase in brightness can be seen in the Orion I data, where the rotational variability with 2 f rot , coming from ζ Ori Aa itself, is still visible during the event (i.e., top left panel of Fig. 2 at HJD = 2456714) .
Since ζ Ori Aa hosts a large-scale magnetic field at the stellar surface, the circumstellar environment would also be influenced by it. Previous studies have shown that the dynamical magnetosphere of ζ Ori Aa is rather weak (Blazère et al. 2015) . We do not find strong evidence for rotational variability in Hα compatible with a very weak or absent magnetosphere. If the magnetosphere were causing periodic photometric and spectroscopic variability, it would relate with f rot instead of f env . Thus, the magnetosphere is unlikely to produce the found variability.
Periodic (increased) mass loss could also lead to periodic circumstellar variability. Various processes could lead to increased mass loss, yet only a limited amount would do this in a periodic manner. Beating effects between NRPs would be such a process, similar to the mass-loss mechanism responsible for the Be phenomenon (e.g., Rivinius et al. 1998 Rivinius et al. , 2003 Neiner et al. 2013; Baade et al. 2016 ). However, we did not detect any stellar pulsations for ζ Ori Aa.
Remaining variability
In addition to variability related to the stellar rotation or the circumstellar environment, we also extracted several other frequencies. These do not seem to fall in a particular frequency domain with a straightforward interpretation, and show some sort of relation through (simple) combinations. We investigated these frequencies and chose f x = 0.036 ± 0.003 d −1 to be an independent frequency, because it explains the majority of the remaining frequencies. However, since the origin of this periodic variability is not understood, a different frequency of the combinations might be the proper, independent one. Nevertheless, to produce frequency combinations, the fundamental frequencies (and their combinations) need to originate from the same component, i.e., ζ Ori Aa. Therefore, our assumption that all variations arise from ζ Ori Aa is likely correct.
Since ζ Ori Aa is undergoing a rather turbulent stage of its evolution, it is also possible that parts of the non-periodic variability are produced by the star itself. A possible mechanism could then be related to the subsurface convective layer. However, the highly variable Hα line, used as one of the diagnostics for the circumstellar environment, does not seem to support this. Additional (spectroscopic) measurements are needed to find observational support for this origin of the non-periodic photometric variability.
Conclusions
We performed a detailed time series analysis on the individual red and blue BRITE photometry of the magnetic, massive supergiant ζ Ori Aa, which we subdivided into three distinct epochs based on both observational evidence and data characteristics. In addition, we also performed a frequency analysis of the combined BRITE photometry, ignoring the color information of the observations. In total, we extracted 16 different frequencies, which were present in at least two of the six studied lightcurves. These 16 frequencies can be explained by three independent frequencies, their higher harmonics or combinations. For two of the independent frequencies, we understand their stellar origin, stellar rotation ( f rot ) and the cirumstellar environment ( f env ). A third independent frequency ( f x ) is necessary to explain the remaining variability as frequency combinations.
One family of frequencies corresponds to the rotation period of ζ Ori Aa, most likely related to two or four brightness spots, evenly distributed in longitude over the stellar surface. Therefore, we were able to determine the rotation period, P rot = 6.82 ± 0.19 d, compatible with the literature value of 6.83 ± 0.08 d (Blazère et al. 2015) , within the error bars. We cannot fully exclude that a large number of spots is present at the stellar surface of ζ Ori Aa, mimicking a few (equidistant) spots. However, the presence of a dipolar magnetic field often implies a simple spot geometry related to the magnetic poles.
The presence of the fourth harmonic of f rot supports the recurrence timescale for DACs, t rec = 1.67 ± 0.06 d, consistent with that of Kaper et al. (1999) , i.e., four CIRs are related to enhanced brightness regions evenly distributed in longitude. The mechanism that creates and sustains these inhomogeneities is still unknown, a beating effect between NRPs or a quadrupolar component to the stable dipolar magnetic field being the preferred pathways. If they are created by a stable magnetic field, a significant quadrupolar component, marginally compatible with the results of Blazère et al. (2015) , is needed. Moreover, we did not detect any NRPs for ζ Ori Aa, making it impossible to corroborate this mechanism as the source for the four regions.
Thanks to the combination of the BRITE photometry and the simultaneous ground-based, high-resolution optical CHIRON spectroscopy of Hα and He i lines, we linked the 10.0±0.3 d variability to the circumstellar environment. This period is more pronounced during certain regions of the BRITE lightcurves dominated by the variation of the circumstellar environment. In addition, it explains the noted differences between the three observing epochs during the two BRITE monitoring campaigns. This periodic or cyclic variability of the circumstellar environment is unlikely to be related to the weak magnetosphere of ζ Ori Aa since the confined magnetosphere variability would instead be related to the stellar rotation. Periodically enhanced mass loss similar to Be stars, through beating of NRPs, might be an alternative driving mechanism for the observed variability. Finally, the strong variability of the circumstellar environment might be an explanation for the discrepancies between the 2011-12 Narval spectropolarimety and the dipolar fit of Blazère et al. (2015) .
For the presence of enhanced brightness regions, leading to DAC variability, and for periodic mass loss, explaining the circumstellar variability, a beating between NRPs is proposed as a driving mechanism. However, we do not identify pulsations in the BRITE photometry of ζ Ori Aa.
A high-cadence detailed UV and visual spectropolarimetric campaign, simultaneously with high-precision, long-baseline photometry will be necessary to fully unravel the origin of the variability of ζ Ori Aa, and to determine the possible effects on its circumstellar environment and its magnetic field. Only then, will it be possible to investigate ζ Ori Aa for possible NRPs.
Appendix A: Data reduction of BRITE-photometry
Since the data reduction and preparation of BRITE photometry is not trivial, we provide some additional information on its processing. The points raised here mainly originate from the treatment of ζ Ori itself, but can be generalized for most targets observed by the BRITE-Constellation. We decided to make the dedicated Python routines publicly available to the community so they could be used and improved upon to serve for all different data releases. These routines are available for download on Github 3 , and adopt our previous experience with space photometry and the BRITE Cookbook by A. Pigulski 4 (see also Pigulski et al. 2016) . Several issues are treated by the developed routines. First, a timing issue occurs, most pronounced for certain observing modes during some of the earlier observing campaigns. Next, we expand upon the different types of data outliers encountered and how they are treated. Third, we discuss the various instrumental correlations we observed. Here, we put an additional focus on the temperature dependent point spread function (PSF) shape changes, causing a time dependent instrumental correlation between the observed signal and the CCD centroid positions. Finally, we give a few comments on the merging of different BRITE datasets.
Appendix A.1: Mid-exposure times During some of the earlier observing campaigns by the BRITEConstellation (including parts of the Orion II campaign), experiments were conducted on the feasibility and usefulness of onboard stacked data. As such, several exposures were merged on board, and once downlinked, they were considered as an individual datapoint. The released data, however, only provide the time at the beginning of the exposure, making it difficult to merge various datasets with distinct exposure times and a various amount of stacked images, i.e., with different durations. To this end, we determined the mid-exposure time for all observations, permitting an easier combination of datasets. These mid-exposure times were deduced for the onboard reference frame of the nanosatellite before applying the heliocentric correction.
In addition to the exposure time, the different time intervals between consecutive stacked images were accounted for. Combining this information leads to
where JD mid and JD start are the mid-exposure and start of the exposure Julian Date, respectively. The exposure time is given by t exp , the time difference between consecutive stacked images by t stack , and N is the number of stacked images corresponding to the observation. Typically, t exp is 1 s. Different settings were accepted for the onboard stacking, but were kept constant for the duration of a given setup. Typically, the adopted t stack varies between 13 s and 21 s while N ranges from 1 to 5. Therefore, the applied correction can add up to 30 s. Although the correction on the timing is minimal for non-stacked data, we consider it good practice to calculate and apply it nonetheless. We determined and applied this correction for all BRITE photometry, as a first step in the preparation process. We started from the outlier-rejected photometry to correct for any possible instrumental trends or correlations. During our study of the BRITE photometry of ζ Ori, we noted one particular correlation that was much stricter than all the others and present in almost all datasets. It is now understood that this instrumental effect was caused by minor distortions in the lenses of the optical design, due to the fluctuating onboard temperature distorting the shape of the PSF. This PSF has a shape which heavily depends on the orientation with the optical axis, and strongly differs from an airy disk for targets that fall close to the edge of the CCD (see Fig. 6 of Pablo et al. 2016 , for the effect on the PSF with the orientation with respect to the optical axis). Therefore, the time dependent temperature variations produce a time dependent PSF shape, causing a correlation between flux and the CCD centroid position of the PSF (which was the provided metadata diagnostic). This is most likely further enhanced by intra-pixel variations. In Fig. A.3 , we indicate two different CCD images for ζ Ori for the BHr setup 7 data, with different onboard temperatures (measured at the CCD). Since the centroid position is the average position of this shape on the CCD, one indeed expects the observed correlation between position and CCD temperature (and eventually flux). In the following, we discuss our correction procedure for this instrumental trend.
As the temperature on board the BRITE nano-satellites is highly variable with time, the correlation between flux and centroid position is smeared out when the full data of a given observational setup are investigated. Therefore, it is best to discretize the dataset, so that the trend becomes more apparent within each individual subset. We constructed these subsets, or time windows, by studying the long-term temperature behavior with respect to time, indicated in Fig. A.4 for BLb data of ζ Ori. This long-term behavior was approximated by a local linear regression of the actual CCD temperature. From this trend, we defined a time window when the temperature difference was either larger than the set threshold, typically 1
• to 2 • , or when the size of a data gap was too large. These limits were then slightly refined in a consecutive step in order not to treat the same satellite orbit Fig. A.4 . Temperature behavior with respect to time for the setup 6 data of the Orion II campaign of BLb. The long-term behavior is approximated by a local linear regression filter, which constructs a total of ten different time windows using both a temperature threshold of 2
• and a datagap criterion of 0.5 d. The correlation for the first window is shown in Fig. A.5. passage differently. We include the limits of these windows in Fig. A.4 .
Within each time window, we intended to determine a description for the instrumental flux. Since the centroid positions are the only two parameters provided to study the PSF (for most data releases; the more recent releases have two additional parameters, see also Pigulski et al. 2016) , we use these as fitting variables. This leads to the approximation F(t) = F inst (t) + F star (t) ≈ F inst (PSF(T CCD (t))) + F star (t) ≈ F inst (x c (t), y c (t)) + F star (t) , (A.2)
where F(t) is the total flux, containing the instrumental flux, F inst (t), and the stellar signal, F star (t). We assume that we can approximate F inst (x c (t), y c (t)) as F inst (x c (t)) + F inst (y c (t)), which is only fully valid if both terms are uncorrelated. This simple approximation permits the usage of one-dimensional B-splines to recover F inst (x c (t)) and F inst (y c (t)) individually. The constant length of the fitting regions along the centroid position and the order of the spline are also considered as free parameters during the fitting process. We use both the Aikaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) 5 , given as to determine the optimal fit and the dominance of the respective CCD axes. Here, N is the total number of datapoints within the given time window, k is the number of estimated fitting parameters, given as .5) where n+1 is the total number of defined fitting regions, and o the order of the B-spline, respectively. We define the log-likelihood, L(Θ), as L(Θ) = for a parameter set Θ = (Θ 1 , Θ 2 , . . . , Θ k ), dataset D, and model M(Θ) (see e.g., Duvall & Harvey 1986; Anderson et al. 1990 ).
In our case, D contains the flux measurements as a function of a centroid position, and M(Θ) its B-spline representation, within a given time window. Typically, we found the B-spline to be of order 3, and the constant knotpoint spacing between 0.1 and 0.5 pixel. An example for such a spline representation and its effect on the BRITEphotometry is given in Fig. A.5 for the first time window of the BLb data of ζ Ori for setup file 6 shown in Fig. A.4 . Again, we recommend subtracting an approximative model for the stellar flux, F star (t), while performing the decorrelation process in an iterative manner. Figure A .5 indicates that the main effect of this correction is a significant reduction of the instrumental noise. This noise reduction ranges from roughly a factor of 1.2 in the case of onboard stacked photometry and up to a factor of 2.5 for the non-stacked data. Thus, we encourage the application of this correction before remedying other instrumental effects.
Appendix A.4: Instrumental signal decorrelation
The final step in the preparation of the BRITE observations accounted for any remaining instrumental effects. Here, we consider four different possible observables that can correlate with the measured signal: i) the onboard temperature, T CCD , measured
